Comparing with an ordinary thermodynamic system, we investigate the possible microscopic structure of a charged anti-de Sitter black hole completely from the thermodynamic viewpoint. The number density of black hole molecules is introduced to measure the microscopic degrees of freedom of the black hole. It is found that the number density suffers a sudden change accompanied by a latent heat when the black hole system crosses the small-large black hole coexistence curve. While when the system passes the critical point, it encounters a second-order phase transition with a vanishing latent heat due to the continuous change of the number density. Moreover, the thermodynamic scalar curvature demonstrates that there is a weak attractive interaction among two black hole molecules. These phenomena may reveal key insights into the underlying microscopic structure of a charged anti-de Sitter black hole.
I. INTRODUCTION
Black holes have been a mystery since they were predicted by general relativity. From a classical viewpoint, a black hole is a complete black object of strong gravity, and nothing can escape from it. However, after the pioneering work by Hawking and Bekenstein [1] [2] [3] , such a system was found to possess temperature T and entropy S, i.e.,
with κ and A the surface gravity and event horizon area of the black hole. For simplicity, we here adopt the units = c = k B = G = 1. Then the gravity system is mapped to a thermodynamic system. In Ref. [4] , four laws of black hole thermodynamics were established. Later, many works show that black hole is not only a gravity system, but also a special thermodynamic system. Comparing with an ordinary thermodynamic system, understanding the microscopic origin of black hole entropy is a challenging problem, because the black hole entropy is proportional to the horizon area, i.e., S ∼ A rather than the volume. Such subject attracts a great interest, especially on the microscopic degrees of freedom of a black hole, which however is still not completely clear.
Among the methods on counting black hole microstates and investigating the microscopic origin of black hole entropy, string theory provides a natural framework. The significant work was devoted to calculate the density of states for certain supersymmetric black holes by Strominger and Vafa [5] . Similar calculations have been applied to supersymmetric black holes in four dimensions [6] , near-extremal black holes [7, 8] , and other ex-tremal black holes with broken supersymmetry [9] . Despite the great success, such calculation is limited in supersymmetric and extremal black holes. For example, the explicit construction of the microstates for the most simplest Schwarzschild and Kerr black hole solutions is still lack. There are other ways to calculate black hole entropy. But almost all of them are based on the assumption that gravity is dual to a gauge theory or a strongly coupled conformal field theory, and black hole entropy and microstates are calculated under this duality. Nevertheless what constitutes the states of a black hole is unclear.
Maybe the unsatisfactory understanding of the microscopic structure of a black hole brings us back to the old question: Does a black hole have a microscopic structure? For the fluid, its microscopic structure is very clear, i.e., its micro-molecules carry the degree of freedom. How about a black hole? Its microscopic structure is completely unknown to us. In order to answer this question, we recall Boltzmann's insight: "If you can heat it, it has microscopic structure". Such a viewpoint gets an insight into the microscopic structure of matter before achieving observational evidence in old days. Since a black hole can change its Hawking temperature by absorbing or emitting matter, we can conjecture that it must have a microscopic structure, even though we do not know its micro-molecules. The aim of this letter is to explore the possible microscopic structure of a charged anti-de Sitter (AdS) black hole completely from the thermodynamic viewpoint.
II. NUMBER DENSITY OF THE MICROSCOPIC STRUCTURE
Next we will examine the number density of the microscopic structure from the point of view of the thermodynamic phase transition. A powerful model to describe a phase transition is the van der Waals (vdW) fluid, which is the first, simplest, and most widely known example of an interacting thermodynamic system exhibiting a firstorder liquid-gas phase transition. About sixteen years ago, it was found that the phase transition between small and large charged AdS black holes is of vdW type in the canonical ensemble [10, 11] . However, until recent years, the complete analogy between the vdW fluid and charged AdS black hole was established by treating the cosmological constant as a pressure [12, 13] . The first step of analogy between the vdW fluid and black hole system is the equation of state. For a four-dimensional charged AdS black hole, it reads [13] 
Here T and Q are the temperature and charge of the black hole, respectively. Comparing with the vdW fluid, the specific volume v of the black hole fluid can be identified as [13] v = 2r h .
This concept has been applied to different black hole systems and gains a great success on studying the small/large black hole (SBH/LBH) phase transition. Thus we can understand v as the specific volume of the black hole molecule, which carries the degrees of freedom of black hole entropy. On the side of the vdW fluid, the number density of micro-molecules is a fundamental physical quantity to describe the thermodynamic system running in the phase diagram. However, the corresponding physical quantity in the black hole system has not been presented. Here, we introduce the concept of the number density n for the black hole fluid, which is defined as
We will show that this concept can provide a preliminary knowledge on the microscopic structure of a black hole. With such a quantity n, the microscopic and macroscopic physical quantities of a thermodynamic system are closely related to each other through statistical mechanics. And novel interesting information will be revealed. However, before pursuing this issue, we will turn back to the number density n. Its introduction seems to be somewhat incredible. In what follows we will give a natural interpretation for it.
As we know, statistical mechanics allows one to "build up" from the microscopic level to macroscopic physical quantities for an ordinary thermodynamic system. However, for a black hole system, we are familiar with its macroscopic physical quantities while do not know its microscopic structure. So what we need for a black hole is to "build down" from the thermodynamic variables to the microscopic level. A key relation connecting the microscopic structure and macroscopic thermodynamic variables is the law of equipartition of energy,
where N denotes the total number of the microscopic degrees of freedom for a thermodynamic system and f is a numerical factor. From the Einstein field equations, Padmanabhan [14] obtained a relation for a static spacetime, which reads
Combining the above two equations, one easily gets
Therefore, the number density n is given by
It is worthwhile to mention that V = is the thermodynamic volume produced from the first law, V = (∂ P M ) Q , rather the volume of sphere with the radius of the event horizon. However, for the charged AdS black hole, they share the same expression [12, 15] . Taking f = 6, we will obtain the result (4). For a detailed discussion on the microscopic spacetime degree of freedom, we refer the reader to Ref. [16] .
Here we grab in hand that the number density n defined here can measure the number density of the virtual black hole molecules. Based on such concept, thermodynamic behavior of a black hole system moving in the phase diagram that has not been found will be clearly displayed. Finding the relations between the thermodynamic quantities and number density can also provide an effective link between microscopic and macroscopic black hole physics.
III. THERMODYNAMIC PHASE TRANSITION
The state equation (2) of a charged AdS black hole displays a vdW-like thermodynamic behavior. The SBH-LBH coexistence curve has a parametric form:
where the values of the coefficients a i can be found in Ref. [17] . This curve has a positive slope everywhere and terminates at the critical point (P c , T c , v c ), above which the SBH and LBH phases cannot be clearly distinguished. The critical point can be easily determined by Solving the above two equations, one gets (
. Near this critical point, the charged AdS black hole system sharesthe same critical exponent and scaling law with the vdW fluid. This strongly recommends that such SBH/LBH phase transition is of vdW type, and now it is widely accepted.
Recently there are many works on finding the phase transition of vdW type in different AdS black hole backgrounds with interpreting the cosmological constant as a thermodynamic pressure. But there is a few papers considering the physics going along or crossing the SBH-LBH coexistence curve. Studying on such issue will raise new interest on the black hole thermodynamics. Especially, we will show on understanding the microscopic structure of a black hole.
When a SBH crosses the coexistence curve and becomes a LBH with the increase of the temperature T , the number density would have a discontinuous change. We show the behavior of the difference of the number density between the SBH and LBH along the curve in Fig. 1 , which displays that with the increase of the temperature, the difference (n SBH − n LBH )/n c monotonically decreases. It vanishes when approaching the critical point, which means that the microscopic structures of the SBH and LBH tend to be the same at the critical point. The temperature T /T c versus density n/n c phase diagram for the charged AdS black hole is plotted in Fig. 2 . The maximum number density of the system is n/n c = 2.44 slight smaller than n/n c = 3 of the vdW fluid [18] , at which there is no free volume left for molecules moving. The experimental data of N e, Ar, O 2 and other gases approximatively confirmed such phase diagram. Indeed we can conjecture that the similar phenomena for the black hole also hold.
We show in Fig. 3 the sketch picture that phase transition occurs between the small and large black hole molecules when the back hole system crosses the coexistence curve. The green circles in the upper half plane correspond to the SBH molecules, and the red circles in the lower half plane to the LBH molecules. Plane (A) denotes the situation that the black hole crosses the coexistence curve with (P, T, v) < (P c , T c , v c ), and (B) for (P, T, v) = (P c , T c , v c ). Form Fig. 3 we know that when the black hole crosses the coexistence curve, the number density n and the specific volume v suffer a gap corresponding to a first-order phase transition. However, when the black hole passes the critical point, they continuously change, which corresponds to a second-order phase transition.
Generally, if the microscopic structure of an ordinary thermodynamic system has a discontinuous change among phase transition, then there must be a nonvanishing latent heat. For the case of a black hole, the latent heat between two black hole molecules can be defined as
where ∆v measures the change of the specific volume v for the black hole molecules in two different system phases. For the SBH/LBH phase transition, ∆v can be expressed by the number density, ∆v = (1/n LBH − 1/n SBH ). The latent heat L for the SBH/LBH phase transition is plotted in Fig. 4 . We see that the latent heat first increases and then decreases with the temperature T , and it reach the maximum L/P c v c = 2.217 at T /T c = 0.767. Especially, we have L = 0 at T = T c , indicating that the specific volume of the black hole molecule continuously changes during the phase transition. This is just the case described in plane (B) of Fig. 3 . It is also worthwhile to note that the specific and thermodynamic volumes of a black hole have no linear relation, and thus the behavior of the latent heat for two black holes and two molecules will be quite different.
IV. THERMODYNAMIC GEOMETRY
Now it is clear that the number density n measuring the micro-molecules of black hole freedom is a useful quantity to describe the SBH/LBH phase transition. For the vdW fluid, interactions between two molecules are approximated by the so-called Lennard-Jones potential. It produces short-range repulsive interaction and longer-range attractive one. Analogy to this, one would like to ask what kind of interaction between two micro-molecules of a black hole. In order to answer this question, exploration of the thermodynamic fluctuation theory is necessary. Fortunately, the well-known thermodynamic geometry, the Ruppeiner geometry constructed from the thermodynamic fluctuation theory by Ruppeiner [19] , provides us a powerful tool. Now the geometry has been extensively used to study the interaction between fluid molecules aiming at gaining the knowledge of the microscopic structure for different fluids. Generalizing it to the black hole background will be very valuable. In fact, the Ruppeiner geometry has been applied to the black hole system on finding the relation between the divergent behavior of the heat capacity and the scalar curvature. However, we do not focus on this issue here.
The line element of the Ruppeiner geometry is defined in parameter space by taking the system entropy S as its thermodynamic potential,
where ∆x [19] .
Based on the metric (12), one can construct a thermodynamic scalar curvature R similar to that of GR. The authors in Ref. [20] first emphasized the difference in the sign of R, i.e., R > 0 (R < 0) for the Fermi (Bose) ideal gas and R = 0 for the classical ideal gas. Further study shows that positive (negative) R implies repulsive (attractive) interaction dominates in the thermodynamic system. Thus the sign of R offers us direct information about the character of the interaction among the micromolecules of a thermodynamic system.
For the charged AdS black hole, we take (M, P ) fluctuation while with fixed charge Q = 1. This case corresponds to a two-dimensional Riemannian geometry with the curvature scalar given by
24π(n/n c ) 2 + 12π(P/P c ) .
The behavior of R is depicted in Fig. 5 . Note that in the range of (n/n c , P/P c ) < (1, 1), small and large n relate to the LBH and SBH, respectively. Between the small and large black holes, it is the intermediate black hole, which has been excluded from thermodynamic phase transition consideration for its instability. Thus, the curvature scalar R has a gap among the SBH and LBH branches. This incommensurate R [21] implies that the structures of the SBH and LBH are different, and it is difficult for the black hole molecules to transform from one phase to another unless providing the latent heat. Such case is just that described by Fig. 3(A) . At the asymptotic critical region (n/n c , P/P c ) ∼ (1, 1), the gap of R in the coexisting SBH and LBH phase disappears. In such case, the structures of the SBH and LBH are similar. Phase transition between them can easily take place and the latent heat in the process tends to vanish, which is in accord with our above analysis, see Fig. 3(B) . With further increase of the parameters such that (n/n c , P/P c ) > (1, 1) , R continuously varies. This is due to the fade out of the intermediate black hole branch, and no clear boundary between the SBH and LBH branches. Since (n/n c ) and (P/P c ) are always positive, R is negative according to (13) . From thermodynamic fluctuation analysis [22] , this case is related to the system of a weak attractive interaction between two black hole molecules. In a fixed AdS space, the very large black hole has n/n c ∼ 0, and thus the curvature scalar R approaches zero. This reveals that the property of the very large black hole microscopic structure is similar to that of the classical ideal gas, and there exists no interaction between the micro-molecules. While for the small black hole, the attractive interaction grows stronger with (n/n c ) 4 . Such patterns of R might cast new sight on the nature of black hole microscopic properties.
V. SUMMARY
Before ending this letter, we briefly summarize it. We managed to explore the microscopic structure of a charged AdS black hole from the viewpoint of thermodynamic phase transition and thermodynamic geometry. After making a comparison with the vdW fluid, we introduced a new concept, the number density n, for the black hole with the assumption that it has a microscopic structure. The law of equipartition of energy also provides a natural interpretation for such concept. Employing it, we studied the behaviors of the macroscopic thermodynamic variables. The result shows that a small black hole has large number density while a large black hole has small one. When the system crosses the SBH-LBH coexistence curve, the specific volume of the black hole molecule suffers a sudden change, accompanied by a latent heat. However, when the system crosses the critical point, the latent heat vanishes, which implies a secondorder phase transition. This is due to the specific volumes of the small and large black hole molecules tend to be the same when approaching that point. On the other hand, from the thermodynamic geometry, we found that the interaction between two black hole molecules is weak attractive. These results may cast insight into the black hole microscopic structure. It seems that the thermodynamic phase transition and thermodynamic geometry offer us an effective method to study the microscopic properties of a black hole.
At last, we would like to make a few comments. Here we only deal with the charged AdS black hole. How nonAdS black holes behave? We believe that these black holes also have a microscopic structure from Boltzmann's insight. However, thermodynamic phase transition of vdW type may not exist and thus the system behaves like the classical ideal gas. Furthermore, one can also consider rotating AdS black holes or black holes in higherderivative gravity [23, 24] , where richer phase transition structure has been found and it may provide an extensive insight into the black hole microscopic structure.
